Rice (*Oryza sativa*) is a staple food crop for more than half of the global population and 90% of all rice is produced in Asia ([@ref10]; [@ref16]). Rice blast caused by *Magnaporthe oryzae*, which belongs to the *M*. *grisea* species complex, is one of the most destructive fungal diseases of rice, reducing annual yields by approximately 10-30% ([@ref13]; [@ref37]). In addition to rice, *M*. *oryzae* can infect more than 50 species of Poaceae, including economically and agriculturally important crops such as wheat (*Triticum* spp.), barley (*Hordeum vulgare*), millet (*Setaria* and *Panicum* spp.), and maize (*Zea mays*), as well as wild grasses surrounding rice fields ([@ref30]). Rice is a domesticated Poaceae among more than 10,000 species of Poaceae, which may allow pathogens to shift to rice and neighboring plants ([@ref7]; [@ref14]; [@ref24]; [@ref49]). Host shifting and the expansion of *M*. *oryzae* have been reported widely and cause the most devastating disease outbreaks in new crops ([@ref45]; [@ref49]). For example, wheat blast, also caused by *M*. *oryzae*, was first reported in Brazil in 1985 and spread to wheat-growing areas in South America ([@ref19]; [@ref40]). Wheat blast was also observed in North America in 2011, and in Bangladesh in 2016. The North American isolate was inferred to have evolved from ryegrass (*Lolium* spp.) through a host jump ([@ref12]; [@ref19]; [@ref20]; [@ref28]). The cross-infectivity of isolates from rice and other Poaceae species implies that host shifts in *M*. *oryzae* and related species may occur in rice and other plants surrounding rice fields ([@ref5]; [@ref4]).

*M*. *oryzae* has a broad host range, but individual isolates have limited host ranges and are divided into different pathotypes based on their compatibility ([@ref4]; [@ref26]; [@ref41]). The host specificity of the *M*. *grisea* species complex, which includes *M*. *oryzae*, has been characterized in numerous studies through genomic and genetic comparisons of isolates and their pathogenicity to different Poaceae species ([@ref3]; [@ref5]; [@ref4]; [@ref8]; [@ref7]; [@ref18]; [@ref23]; [@ref48]). The representative species *M*. *oryzae* and *M*. *grisea* are morphologically indistinguishable, but *M*. *oryzae*, which is associated with rice and other grasses, is taxonomically distinct from *M*. *grisea*, which infects *Digitaria* spp. ([@ref8]). *M*. *oryzae* is also categorized into several host-specific subgroups infecting *Oryza* spp., *Setaria* spp., *Triticum* spp., *Panicum* spp., and *Eleusine* spp. ([@ref7]; [@ref18]; [@ref23]; [@ref48]). A major mechanism underlying host species specificity and adaptation of the *M*. *grisea* species complex is the gain and loss of effector genes, such as avirulence genes, through chromosomal rearrangements and seems to rely on a few gene families with genetic polymorphisms ([@ref3]; [@ref6]; de [@ref9]; [@ref33]; [@ref48]).

The gene-for-gene interaction between avirulence and resistance genes controls the host specificity of plant pathogens including *M*. *oryzae* by deriving compatible (susceptible) and incompatible (resistant) interactions ([@ref6]; [@ref7]; [@ref34]; [@ref36]; [@ref39]; [@ref43]; [@ref44]). To date, more than 100 blast resistance genes and about 24 avirulence genes have been mapped in the rice and *M*. *oryzae* genomes, respectively, of which 35 resistance genes and 12 avirulence genes have been cloned ([@ref44]). Four avirulence genes are involved in host species specificity, *PWL1* ([@ref22]), *PWL2* ([@ref22]; [@ref35]), *Avr1-CO39* ([@ref11]), and *Avr-Pita* ([@ref2]; [@ref6]; [@ref25]), and five genes are involved in rice specificity, *ACE1* ([@ref39]), *Avr-Piz-t* ([@ref27]), *Avr-Pia* ([@ref47]), *Avr-Pii* ([@ref47]), and *Avr-Pik/km/kp* ([@ref47]). These avirulence genes are mostly a rice-specific gene family. Nevertheless, rice-specific avirulence genes have also been found in isolated from other Poaceae hosts ([@ref25]; [@ref38]; [@ref42]; [@ref46]). For example, *Avr1-CO39*, *Avr1-M201*, and *Avr1-YAMO*, which confer avirulence specifically toward rice cultivar CO39, M201, and Yashiromochi, respectively, were identified in a weeping lovegrass isolate but is absent in most rice isolates ([@ref11]; [@ref42]). *Avr-Pita2* and *Avr-Pita3* were also identified in isolates infecting diverse Poaceae species, in contrast, *Avr-Pita1* was identified in a rice isolate, which interacts directly with the corresponding resistance gene *Pita* in the rice cultivar Yashiro-Mochi ([@ref2]; [@ref21]; [@ref25]; [@ref29]). On the other hand, the host species specificity determinant, *PWL1* and *PWL2*, which is identified in isolates infecting finger millet and rice, respectively, prevents the infection of weeping lovegrass (*Eragrostis curvula*) ([@ref22]; [@ref35]). Finger millet isolates were divided into two subgroups (EC-I and EC-II), which showed differences in virulence on weeping lovegrass depending on gain and loss of *PWL1* ([@ref1]). In addition, a single non-synonymous substitution in *PWL2* results in loss of function with respect to controlling the pathogenicity in weeping lovegrass ([@ref35]). It suggests that the presence and absence of a specific avirulence gene and mutation in avirulence genes can lead to a gain of virulence. This study sheds light on the host range and host specificity of *M*. *oryzae* and related species by comparing the phylogenetic relationships, cross-infectivity, and distributions of avirulence genes of the collected isolates from different Poaceae species.

Materials and Methods
=====================

Fungal isolates and culture conditions
--------------------------------------

A total of 970 isolates were collected from the leaves of rice (*O. sativa*), crabgrass (*Digitaria sanguinalis*), green foxtail (*Setaria viridis*), and other Poaceae infected by blast fungus in eight provinces, Korea, from 2011 to 2013 ([Table 1](#T1){ref-type="table"}, [Supplementary Table 1](#S1){ref-type="supplementary-material"}). All isolates were purified on water agar by single spore isolation and maintained on rice bran agar medium (2% rice bran \[w/v\], 2% sucrose \[w/v\], 2% agar powder \[w/v\]) at 26°C.

Pathogenicity assay
-------------------

Pathogenicity was assessed by spraying a conidial suspension on the rice and other Poaceae species. Conidia were harvested from 10-day-old rice bran agar plates further incubated for three days after removing the aerial mycelia. The conidia suspension was adjusted to 105 conidia/ml containing Tween 20 (final concentration, 250 ppm) and 25 ml of the suspension was sprayed on rice and others seedlings at the 4-5 leaf stage. Inoculated plants were maintained in a dew chamber at 26°C for 24 h in the dark, and then moved to a greenhouse and incubated for 7 days. Disease severity was scored as follows: 0-3, resistance, 4-5, susceptible. Pathogenicity test for the population assay was performed in one repetition by spraying a mixture of a conidial suspension on more than 30 seedlings each of rice and crabgrass.

Nucleic acid manipulation and repetitive PCR (rep-PCR)
------------------------------------------------------

Genomic DNA was extracted from mycelia cultured on liquid complete medium (LCM; 0.6% yeast extract \[w/v\], 1% sucrose \[w/v\], 0.6% casamino acid \[w/v\]) or potato dextrose agar (PDA) medium. Mycelia harvested from LCM were ground to a fine powder after lyophilizing. Mycelia cultured on PDA were ground with a sterilized grinder after removing the excess agar. Genomic DNA was extracted using the NuceloSpin Plant II kit (Macherey-Nagel, Duren, Germany) according to the manufacturer's manuals. The internal transcribed spacer (ITS) region and avirulence genes were amplified from genomic DNA (see [Supplementary Table 2](#S1){ref-type="supplementary-material"} for the primers used).

Rep-PCR using the repetitive element *Pot2* was performed on single-spore isolates from rice and crabgrass as previously described ([@ref15]). The PCR reactions were performed in 20 μl of Maxime PCR PreMix Kit (i-StarMAX II, Intron Biotechnology, Seongnam, Korea) containing 100 ng of genomic DNA and 10 μM of each outwardly directed primer ([Supplementary Table 2](#S1){ref-type="supplementary-material"}). The PCR was run for 2.5 min at 95°C as an initial denaturation, followed by four cycles of 1 min at 94°C, 1 min at 62°C, and 10 min at 65°C, and then by 26 cycles of 30 s at 94°C, 1 min at 62°C, and 10 min at 65°C, with a final 15 min extension at 65°C. Amplified PCR products containing 1 μl of Dyne LoadingSTAR loading dye (DyneBio, Seongnam, Korea) were separated by gel electrophoresis on 1.2% agarose gels in 0.5× Tris-borate-EDTA buffer for 3 h at 50 V.

Computational analysis
----------------------

The ITS sequences of 224 isolates and nine reference genomes (*M*. *oryzae* Guy11 and KJ201, *M*. *poae* ATCC64411, *M*. *salvinii* M21, M69, and M71, and *M*. *rhizophila* ATCC96043, Mr4757, and CSB F198) were aligned using ClusterW algorithm, and a phylogenetic tree was constructed using the maximum likelihood method in MEGA 7.0 software (1,000 bootstrap replicates). Cluster analysis was conducted based on the presence or absence of the avirulence genes (1 for presence and 0 for absence) using NTSYS-pc ver. 2.2. Genetic similarity was calculated using the Jaccard's coefficient. Sequential hierarchical agglomerative non-overlapping clustering was applied for this similarity matrix using the unweighted pair group method with arithmetic averages. The coefficient of similarity was 0.68 ([@ref17]; [@ref31]; [@ref32]).

Results
=======

Inferring phylogenetic groups within *M. oryzae* and related species
--------------------------------------------------------------------

The *M. oryzae* and related species examined in this study included isolates from crabgrass (*n*=353), rice (*n*=287), green foxtail (*n*=153), and other Poaceae (*n*=177) ([Table 1](#T1){ref-type="table"}, [Supplementary Table 1](#S1){ref-type="supplementary-material"}). To analyze their phylogenetic relationships, the ITS region was sequenced in 224 isolates originating from crabgrass (*D. sanguinalis*), rice (*O. sativa*), green foxtail (*S. viridis*), foxtail millet (*S. italica*), common millet (*Panicum miliaceum*), tall fescue (*Festuca arundinacea*), maize (*Zea mays*), and barnyard grass (*Echinochloa crus-galli*). In the phylogenetic tree based on ITS, *M*. *oryzae* and related species were divided into four distinct groups mainly composed of isolates from foxtail millet (group M), rice (group R), tall fescue (group F), and crabgrass (group C) ([Fig. 1](#F1){ref-type="fig"}). Isolates from diverse Poaceae species belonged to group C and group M, while group R and group F had only isolates from rice and crabgrass, and rice and tall fescue, respectively. Group M comprised iso lates from foxtail millet (86.9%), common millet (7.1%), crabgrass (4.8%), and barnyard grass (1.2%), and group C comprised isolates from crabgrass (80.0%), green foxtail (15.8%), tall fescue (2.1%), maize (1.1%), and rice (1.1%). Group R contained 91.9% rice isolates, including the reference genomes, and 5.4% crabgrass isolates. Most of the rice isolates were closer to the millet isolates than to the crabgrass isolates, but some of the isolates infecting rice and crabgrass were included in phylogenetically distinct groups. Group F was 77.8% tall fescue isolates and 22.2% rice isolates. The results imply that *M*. *oryzae* and related species potentially jump into different hosts and thus expand their host ranges in the field.

Comparative analysis of the pathogenicity of isolates from different Poaceae species
------------------------------------------------------------------------------------

*M*. *oryzae* and related species from different Poaceae have the potential for host jump and host expansion in the field. To examine this possibility, we performed pathogenicity assays on 100 isolates from rice, crabgrass, green foxtail, common millet, and barnyard grass on rice, barley, wheat, crabgrass, green foxtail, and common millet. The compatibility with each Poaceae species was determined based on the proportion of susceptible isolates to all isolates tested ([Table 2](#T2){ref-type="table"}, [Supplementary Table 3](#S1){ref-type="supplementary-material"}). The isolates from rice and crabgrass could infect all of the Poaceae species tested, and more than half of the tested isolates from both were pathogenic on common millet and barley. Although *M*. *oryzae* and *M*. *grisea* infect rice and crabgrass, respectively, and are taxonomically distinct ([@ref8]), some of the isolates from rice and crabgrass in this study were pathogenic in the opposite host. Green foxtail isolates were able to infect crabgrass (50%), common millet (100%), and barley (50%), but none of them affected rice and wheat. The isolates from common millet caused disease only in barley (100%). All isolates from barnyard grass developed lesions on common millet (100%) and some infected barley (75%) and wheat (25%). Among the Poaceae species tested, common millet and barley were susceptible to isolates from all of the different hosts.

Cross-infectivity of isolates from rice and crabgrass
-----------------------------------------------------

We conducted a population analysis of the rice isolates and crabgrass isolates each on rice and crabgrass to determine whether mixes of *M*. *oryzae* and related species on different hosts adjacent to each other led to disease in the opposite hosts in the field ([Fig. 2](#F2){ref-type="fig"}, [Supplementary Table 4](#S1){ref-type="supplementary-material"}). A mixture of the rice isolates and crabgrass isolates was inoculated onto healthy rice and crabgrass, respectively. After the lesions had developed, 144 and 41 single spores were isolated from lesions developed on rice and crabgrass, respectively. Their origin was identified by pattern analysis using *Pot2* rep-PCR. Six different rice isolates and four different crabgrass isolates were co-inoculated on rice at the same concentrations. Ten different isolates from rice and crabgrass developed lesions on rice leaves, but the re-isolates comprised more isolates originating from rice (74%) than from crabgrass (26%). The dominant isolates originating from rice were W11-21 (27.94%), W11-145 (19.85%), and W11-58 (16.18%), and that from crabgrass was W11-111 (13.24%). When crabgrass was co-inoculated with four different isolates each from rice and crabgrass at the same concentrations, only the isolates originating from crabgrass were identified from among the re-isolates of infected crabgrass. The dominant isolates causing disease in crabgrass were W11-11 (41.46%) and W11-62 (41.46%), both originally from crabgrass.

Distribution of avirulence genes in isolates from different Poaceae species
---------------------------------------------------------------------------

The distribution of avirulence genes was analyzed in 198 isolates from rice and five other Poaceae species (crabgrass, green foxtail, barnyard grass, common millet, and foxtail millet) by PCR, using specific molecular markers for nine known avirulence genes: *Avr-Pita*, *Avr-Pita3*, *Avr-Pia*, *Avr-Pii*, *Avr-Pikm*, *AvrPiz-t*, *Avr1-CO39*, *PWL2*, and *ACE1* ([Table 3](#T3){ref-type="table"}, [Supplementary Table 2](#S1){ref-type="supplementary-material"}). The avirulence genes showed different distributions in the isolates depending on their hosts. The isolates from barnyard grass and common millet had the most avirulence genes among the isolates from the six Poaceae species. All of the barnyard grass isolates had *Avr-Pita3*, *Avr-Pia*, *Avr-Pikm*, *AvrPiz-t*, *Avr1-CO39*, *PWL2*, and *ACE1*, and more than 50% of the isolates also had *Avr-Pita* and *Avr-Pii*. Most of the common millet isolates had all of the avirulence genes except *Avr-Pita* (6.7%). The isolates from crabgrass and green foxtail showed similar tendencies in terms of the distribution of each avirulence gene, and less than 10% of the isolates had *Avr-Pii* and *AvrPiz-t*. Of the rice isolates, 82.4%-100% had *Avr-Pita*, *Avr-Pita3*, *Avr-Pikm*, *AvrPiz-t*, *PWL2*, and *ACE1*, while *Avr-Pia*, *Avr-Pii*, and *Avr1-CO39* were less common. *Avr1-CO39* was detected as 300 bp and 150 bp bands, which were differentially distributed among the isolates depending on the Poaceae hosts. The 150 bp fragment was detected more often in the isolates from crabgrass and green foxtail, while the 300 bp fragment was more common in the isolates from barnyard grass, common millet, and foxtail millet. None of the isolates from barnyard grass or common millet had the 150bp *Avr1-CO39*. Similar to the distribution of the 300 bp *Avr1-CO39*, *Avr-Pii* was detected more often in the isolates from barnyard grass, common millet, and foxtail millet than in those from rice, crabgrass, and green foxtail. *PWL2* was present in most of the isolates from all Poaceae species except foxtail millet.

To determine the genetic relationships among the isolates from the six different Poaceae species (rice, crabgrass, green foxtail, barnyard grass, common millet, and foxtail millet), cluster analysis of the presence and absence of avirulence genes was conducted ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Applying a similarity coefficient of 0.68, the isolates were divided into five clades according to the different distribution of known avirulence genes (*Avr-Pita*, *Avr-Pita3*, *Avr-Pia*, *Avr-Pii*, *Avr-Pikm*, *AvrPiz-t*, *Avr1-CO39*, *PWL2*, and *ACE1*). Isolates in clades G1 and G2 originated from common millet, foxtail millet, barnyard grass, and green foxtail, while isolates in G3 to G5 were from rice, crabgrass, and green foxtail. The dominant isolates in each clade were from common millet (72.2% in G1), foxtail millet (97.6% in G2), rice (83.3% in G3), and crabgrass (81.3% and 93.9% in G4 and G5, respectively). It suggests that the classification of isolates using the distribution of the avirulence genes also reflects their hosts as in the ITS-based phylogenetic analysis. However, the rice isolates (G3) were close to the crabgrass isolates (G4 and G5) than the millet isolates (G1 and G2) unlike the result of the ITS-based phylogenetic analysis.

Discussion
==========

Plant pathogens can shift from one host to another or acquire new hosts for survival ([@ref49]). The host ranges and host species specificity of *M*. *oryzae* and related species were determined by analyzing the phylogenetic relationships and cross-infectivity, and the distribution of avirulence genes was identified for isolates collected from different Poaceae species. ITS-based phylogenetic analysis divided *M*. *oryzae* and related species infecting different Poaceae species into four groups according to their hosts, which were rice (groups R), crabgrass (group C), millets (group M), and tall fescue (group F). Group R was phylogenetically closer to group M than to group C or group F, although some of the rice and crabgrass isolates belonged to phylogenetically distant groups. Previous studies have reported similar phylogenetic relationships between *M*. *oryzae* and related species infecting different hosts, albeit with some differences ([@ref4]; [@ref48]). *M*. *oryzae* isolates were divergent from *M*. *grisea* isolates and *M*. *oryzae* isolates from *Oryza* and *Setaria* closely grouped within a single clade ([@ref4]; [@ref48]). As shown by the phylogenetic relationships of *M*. *oryzae* and related species, the isolates from rice and crabgrass infected all of the Poaceae species and isolates from green foxtail and barnyard grass also could infect broad ranges of Poaceae. Of the Poaceae, common millet and barley were vulnerable to isolates from all of the different hosts, suggesting that common millet and barley can be an intermediate host for blast fungus. Therefore, *M*. *oryzae* and related species can jump into different Poaceae hosts and expand their host range in crop fields, although individual isolates may have host specificity.

Population analysis of mixed isolates from rice and crabgrass revealed that crabgrass isolates are capable of causing disease in both rice and crabgrass, while rice isolates have difficulty infecting crabgrass. The result accords with the result of the pathogenicity assay on different Poaceae species, which showed that the compatibility of crabgrass isolates to rice was higher than that of rice isolates to crabgrass. Among isolates, the crabgrass isolate W11-62 could infect both rice and crabgrass, but the proportion of the reisolates for W11-62 was higher in crabgrass than in rice. It suggests that W11-62 prefers crabgrass to rice and that the individual isolates may have host preferences, which is potentially affected by the genetic variation of pathogenicityrelated genes.

Similar to the result of the ITS-based phylogenetic analysis, the avirulence gene-based classification showed that the isolates from six different Poaceae (rice, crabgrass, green foxtail, barnyard grass, common millet, and foxtail millet) were also divided into five clades (G1 to G5) depending on hosts. The isolates belonging to different clades and different phylogenetic groups showed the different distributions of avirulence genes, especially, *Avr-Pii* and *AvrPiz-t*. The clade G1 and the group M had both *Avr-Pii* and *AvrPizt*, the clade G3 and the group R had *Avr-Pii* alone, and the clades G4 to G5 and the group C had none of them. These differences in the genetic composition of avirulence genes seem to be derived by the selection pressure of Poaceae hosts. The clade G1 and the group M had all of the nine avirulence genes we tested, which may contribute to the avirulence of the isolates from common millet and barnyard grass toward rice and crabgrass. However, it is difficult to assume that the infectivity of the isolates for different Poaceae hosts is directly correlated to the distribution of the avirulence genes. Therefore, these results showed that *M*. *oryzae* and related species have a broad spectrum of Poaceae species as hosts by easily moving from rice to other Poaceae including weeds and adapting to new hosts. Our data provide important information on the host ranges of *M*. *oryzae* and related species, and on latent inoculum of blast disease in crops and weeds surrounding rice fields.

Electronic Supplementary Material
=================================

Supplementary materials are available at The Plant Pathology Journal website (<http://www.ppjonline.org/>).
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###### 

Number of blast isolates from different host plants

  Host plant                                 No. of isolates
  ------------------------------------------ -----------------
  Crabgrass (*Digitaria sanguinalis*)        353
  Rice (*Oryza sativa*)                      287
  Green foxtail (*Setaria viridis*)          153
  Foxtail millet (*Setaria italica*)         87
  Wheat (*Triticum aestivum*)                40
  Common millet (*Panicum miliaceum*)        27
  Tall fescue (*Festuca arundinacea*)        9
  Maize (*Zea mays*)                         5
  Barnyardgrass (*Echinochloa crus-galli*)   4
  Barley (*Hordeum vulgare*)                 3
  Spiderwort (*Tradescantia spathacea*)      2

###### 

Cross-infection of blast fungus isolated from rice and weeds among different host plants

  Original host              No. of isolates   Proportion of compatible isolates (%)                                 
  -------------------------- ----------------- --------------------------------------- ------ ------ ------- ------- ------
  *O*. *sativa*              25                \-                                      4.0    36.0   64.0    56.0    28.0
  *D. sanguinalis*           66                16.7                                    \-     12.1   56.1    59.1    12.1
  *S*. *viridis*             2                 0.0                                     50.0   \-     100.0   50.0    0.0
  *P*. *miliaceum*           3                 0.0                                     0.0    0.0    \-      100.0   0.0
  *Echinochloa crus-galli*   4                 0                                       0.0    0      100.0   75.0    25.0

###### 

Distribution of avirulence genes in blast fungus isolated from rice and weeds

                                                Proportion of avirulence gene (%)[a](#t3fn1){ref-type="table-fn"}                                                  
  --------------------------------------------- ------------------------------------------------------------------- ---------- ----------- ----------- ----------- ----------
  *Avr-Pita*                                    100.0                                                               83.6       80.0        75.0        6.7         1.3
  *Avr-Pita3*                                   100.0                                                               43.8       40.0        100.0       100.0       92.4
  *Avr-Pia*                                     17.6                                                                95.9       90.0        100.0       93.3        7.6
  *Avr-Pii*                                     35.3                                                                6.8        0.0         50.0        100.0       57.0
  *Avr-Pikm*                                    100.0                                                               75.3       60.0        100         93.3        84.8
  *AvrPiz-t*                                    82.4                                                                2.7        10.0        100.0       100.0       93.7
  *Avr1-CO39*[b](#t3fn2){ref-type="table-fn"}   23.5/23.5                                                           0.0/93.2   10.0/90.0   100.0/0.0   100.0/0.0   92.4/1.3
  *PWL2*                                        100.0                                                               100.0      90.0        100.0       100.0       0.0
  *ACE1*                                        88.2                                                                42.5       60.0        100.0       93.3        17.7

The number of isolates used for PCR, *O*. *sativa* (*n* = 17), *D*. *sanguinalis* (*n* = 73), *S*. *viridis* (*n* = 10), *E*. *crus-galli* (*n* = 4), *P*. *miliaceum* (*n* = 15), *S*. *italica* (*n* = 79).

Two different *Avr1-CO39* products were amplified: 300 bp and 150 bp fragments.
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